We describe a new method of comparing sequences, based on the NeedlemanWunsch sequence alignment algorithm, which can detect similarities that are interrupted by insertions or deletions in either sequence. The sequences are compared by calculating for each pair of residues a score which represents the best local alignment bringing those residues into correspondence; smooth localisation is achieved by reducing the contribution of distant parts of the alignment path by a factor which decreases exponentially with their distance from the point in question. The calculated values are used to draw a line graph in which regions of local similarity are shown by diagonal lines. Examples are shown of the application of the method to nucleic acid and amino acid sequences.
INTRODUCTION
The search for similarities between sequences of amino acids and of nucleic acids has been based on two separate approaches. Fitch ( However, since its explicit goal is the global best alignment of the sequences, local similarities which do not contribute to the global maximum similarity are not detected. Sellers (6) has shown that the inductive method may be modified to find local maximal similarities by carrying out the path construction in forward and reverse directions, and selecting those parts of the resulting paths which coincide. Goad and Kanehisa (7) have described a computer program based on that method, and have shown that it is useful in detecting regional similarities. We describe here a new method of comparing sequences which is based on the Needleman-Wunsch alignment algorithm but which detects local similarities.
ALGORITHM
The Needleman-Wunsch algorithm for alignment of sequences A and B defines a rectangular matrix, constructed so that the cell (i,j) contains the score for the best partial alignment of the sequences which ends with the ith residue of sequence A, a(i), aligned with the j th residue of sequence B, b(j). The direction of matrix construction may be either "forward" (with both i and j increasing) or "reverse" (with both decreasing): we shall first consider construction of the forward matrix F. The value of element F(i,j) is given by the sum of a maximal predecessor and the score S(a(i),b(j)) defined for the alignment of the residues a(i) and b(j) with each other. The maximal predecessor is the maximum of:
The diagonal predecessor, F(i-l.j-l) The maximum value of F in row (i-1) up to the (j-2)th element, possibly decremented by some gap penalty The maximum value of F in column (j-1) up to the (i-2)th element, possibly decremented by some gap penalty In our modification of the algorithm, the maximal predecessor is multipled by a "damping factor" A, which has a positive value less than 1.0, before addition to the alignment score for the cell. Thus:
The effect of this is that the value of each cell in the constructed matrix F is composed of a contribution for the alignment of the particular residues at that point in the sequences, together with a contribution from the best alignment which can be made from the beginning of either sequence to that point. This second contribution decreases exponentially with the distance along the notional alignment path from the cell back towards the beginning.
The problem of edge effects is dealt with by defining all elements outside the boundaries of the matrix to have a notional "average" value given There is slight overlap of the lowest-significance (thinnest) lines at the break. The lines running parallel to the diagonal represent repeats of a 46 bp segment (stronger lines) which is itself a doublet of a less wellconserved 23 bp segment. Breaks in these lines (arrowed) represent 1 bp deletions from the sequences. Figure 3 is a comparison of the ami no acid sequence of human a t -antitrypsin (12) and the cDNA translation sequence of human antithrombin-III (13), which have lengths of 3 94 and 432 ami no acids respectively. The score matrix was MDM,,, with A = 0.80 (notional span 9 amino acids), G o = 200, Gi = 120, and plotting thresholds at 0.01, 0.003 and 0.001. The major diagonal line corresponds to the known homology of these sequences, which show about 30% identity when optimally aligned. This line begins at residue 56 in antithrombin and residue 31 in antitrypsin: it has been shown previously that their N-terminal segments are dissimilar (14) . The line shows a number of shifts to parallel tracks representing gaps in the alignment due to insertions 
DISCUSSION
Sequence comparison by exponentially-damped alignment differs from any previously described method, in that it allows a smooth averaging of similarity scores along a discontinuous path across the comparison matrix. The examples presented here have been chosen to illustrate its capabilities in demonstrating similarity and repetitiveness, in clearly showing the discontinuities due to gaps and in defining the limits of similarity. Our method could be elaborated to draw lines across the most significant gaps in the local paths, but this would more than double the cost of computation.
A useful feature of the method is that the statistical distribution of the M(i,j) values refers to paths which all have the same notional span length. The significance of a high score can be tested easily by repeating the calculation a few times (usually once) with shuffled sequences. This contrasts with Sellers' method where, because the paths are of various lengths. Goad and Kanehisa needed to develop a very carefully planned set of criteria for statistical significance.
Alignment of sequences by the Needleman-Wunsch method requires two distinct processes: the matrix must be constructed according to the algorithm, and then the path of induction which produced the maximum value must be retraced back to its origin. Retracing is costly, either in storage if the programmer elects to record all induction paths as the matrix is built, or in time if the path is reconstructed after completion of the matrix. It is complicated by the fact that the path may have forks corresponding to alternative alignments. The method we describe avoids the retrace process, and is therefore less costly to compute than the method of Sellers, Goad and Kanehisa. We believe it offers significant advantages over the method of comparison of fixed-length segments without gaps, for reasons discussed above.
An important feature of the application of any alignment method is the setting of appropriate values for parameters. The choice of gap penalty values for alignment by the Needleman-Wunsch algorithm has been explored elsewhere (IS). The value of the damping parameter must be chosen to demonstrate features of desired persistence -it is in this connection that we find useful the "notional span length" defined above. The plotting thresholds must be adjusted to provide a high visual signal-to-noise ratio: in practice, we find a threshold of 0.01 (that is, 1% of observed scores) makes a useful starting point.
We have found exponentially-damped alignment useful for comparison of both nucleic acid and amino acid sequences, and for detection of multiple repeats within a sequence by comparison with itself as well as for comparison between related sequences.
